The purpose of the present study was to clarify the prevalence and degree of root resorption induced by orthodontic treatment in patients with and without open bite. One hundred and eleven patients treated with multibracket appliances were retrospectively selected from the patients and divided into non-open bite (NOB) and open bite (OB) groups. The severity of root resorption and the root shape were classified into five groups on periapical radiographs before and after treatment. Moreover, only in the OB group, all teeth were sub-divided into functional and hypofunctional ones that are occluding and non-occluding.
Introduction
Apical root resorption during orthodontic treatment is an undesirable sequel that is difficult to predict and repair. Since the prevalence is varied substantially among individuals, a certain influence of host factors on the induction would be assumed reasonably. For the prevention of severe root resorption in orthodontic clinic, the progress of root resorption should be examined periodically on radiographs taken during orthodontic treatment. In addition, treatment should be interrupted and redesigned if root resorption is detected subjectively.
Root resorption associated with orthodontic treatment has been recognized in daily practice since Ketcham first reported it in 1927 (Ketcham, 1927) . Many orthodontists examined various risk factors of root resorption such as systemic factors (Linge and Linge, 1983; McLaughlin, 1964; Smith, 1978) , treatment mechanics (Alexander, 1996; Linge and Linge, 1983; Malmgren et al., 1982) , treatment period (Levander and Malmgren, 1988; VonderAhe, 1973) , patient age (Linge and Linge, 1983; Massler and Malone, 1954; Reitan, 1985) , tooth type (Hemley, 1941; Kennedy et al., 1983; Ketcham, 1927; Massler and Malone, 1954; McFadden et al., 1989; Reitan, 1985; Sharpe et al., 1987) , root shape (Kinsella, 1971; Levander and Malmgren, 1988; Mirabella and Artun, 1995; Newman, 1975; Oppenheim, 1942) , gender (Kennedy et al., 1983; Massler and Malone, 1954; McFadden et al., 1989) , density of alveolar bone (Goldie and King, 1984) , oral habits (Newman, 1975; Odenrick and Brattström, 1985) , and type of malocclusion (Harris, 1992; Kaley and Phillips, 1991; Kinsella, 1971; Kuperstein, 2005; Linge and Linge, 1991; Mirabella and Artun, 1995; Sringkarnboriboon et al., 2003; Taner et al., 1999) . It has been found that the prevalence of root resorption was higher in open bite than in other malocclusions (Harris, 1992; Kuperstein, 2005; Linge and Linge, 1991; Mirabella and Artun, 1995) , and these studies mentioned that in open bite patients, some factors increase the risk for root resorption, e.g. tooth jiggling due to a high prevalence of tongue dysfunction (Harris, 1992; Linge and Linge, 1991; Mirabella and Artun, 1995) . Sringkarnboriboon et al., (2003) reported that the amount OPEN BITE AND ROOT RESORPTION 791 of root resorption was significantly greater in teeth with a hypofunctional periodontium than in those with a normal periodontium during experimental tooth movement in rats. Whereas, de Freitas et al. reported that a similar prevalence of root resorption was found in patients with and without open bite; meanwhile, it is reported that extraction treatment produced more substantial root resorption than non-extraction treatment (2007) .
From these findings, there has been no consensus on the relationship between open bite and the prevalence of root resorption. In addition, there is no study that examined the influences of abnormal root shape due to less masticatory stimuli in open bite malocclusion. Furthermore, no clinical reports have evaluated orthodontic treatment factors relevant to severe root resorption in all teeth from second molar to second molar in both dental arches. Thus, the present study was designed to clarify the prevalence and degree of root resorption induced by orthodontic treatment with a special reference to open bite.
Materials and methods
One hundred and eleven patients (24 males and 87 females) treated with standard fixed edgewise appliances (0.018 × 0.025-inch-slot bracket system) were retrospectively selected from 2095 patients in the Orthodontic Clinic at the Hiroshima University Hospital. All treatment results showed good occlusion with optimal tooth alignment and root parallelism in all patients. Patients with incomplete treatment records and poor-quality radiographs were not included in the study. In addition, patients who had incomplete root formation, endodontic treatment, history of trauma, nailbiting, dental anomalies of number, previous orthodontic treatment were also excluded. A total of 111 patients and 2930 teeth from central incisors to second molars in both dentitions were examined. The study was approved by the Ethics Committee in Hiroshima University (Epidemiologic study-142; June 1, 2009).
These subjects were divided into non-open bite (NOB) group, which was defined that patients had normal bite and were treated without orthognathic surgery, and open bite (OB) group, which was defined that patients had anterior or anterior and posterior open bite and were treated without orthognathic surgery. NOB group comprised 57 patients with an initial mean age of 17.5 ± 6.7 years and an initial mean overbite of 2.5 ± 1.5 mm. OB group comprised 54 patients with an initial mean age of 21.2 ± 7.2 years and an initial mean overbite of −2.1 ± 1.9 mm. Treatment time and duration of use of vertical elastics are 29.0 ± 10.4 and 8.8 ± 8.1 months and 28.6 ± 9.5 and 14.1 ± 9.4 months in NOB and OB groups, as summarized in Table 1 . Moreover, in only OB group, all the teeth (1434) were divided into functional and hypofunctional (Newman, 1975) teeth according to the presence or absence of occlusal function, respectively.
Twenty radiographs per patient were taken using a paralleling long cone technique before and after treatment. The periapical radiographs were scanned at the actual size with a GT-X970 scanner (SEIKO-EPSON Corp., Nagano, Japan) with a resolution of 675 dpi at a scale of 1:1. The images were analysed with Photoshop software (version 7.0, Adobe Systems, San Jose, CA, USA) at 300 per cent enlargement without any image quality loss. The degree of root resorption was blindly evaluated according to five categories defined by Malmgren et al. (Malmgren et al., 1982) : 0 = No root resorption, 1 = Irregular root contour, 2 = Apical root resorption with an amount of less than 2 mm of the original root length, 3 = Apical root resorption from 2 mm to one-third of the original root length, 4 = Root resorption exceeding one-third of the original root length by two examiners. All subjects and teeth with root resorption (n = 111 patients, 2930 teeth) were divided into two groups with mild (categories 1 and 2) and severe (categories 3 and 4) root resorption. Root shape was blindly evaluated as normal (A), short (B), blunt (C), bent at the apex (D), and pipette (E) by two examiners from following the same method proposed by Malmgren et al. (Malmgren et al., 1982) (Figure 1 ). Moreover, these groups were divided accordingly into two groups with normal (A) and abnormal (B, C, D, and E) root shapes.
Duplicate determination with the root resorption categories after treatment showed full agreement for 2790 of 2930 teeth (96 per cent), whereas disagreement of one category score was found in the remaining 140 teeth (4 per cent). Prior to the examination, duplicate determination of 2930 teeth was performed by the two authors.
Statistical differences in the prevalence of root resorption and abnormal root shape evaluated by the number of patients and teeth were examined by use of a chi-square test, and the associations of independent variables with the number of overall root resorption, which was used as the dependent variable, was evaluated by use of multiple linear regression analyses (Statview, Abacus Concepts, Inc., Berkeley, CA, USA) at a significance level of P < 0.05. 
Results
The multiple linear regression analyses revealed that bite and abnormal root shape were associated with the number of overall root resorption (P = 1.24e −07 and 0.0075, respectively). On the other hand, no association of initial age, gender, occlusal relationship, extraction, elastics use duration, and treatment time with overall root resorption was found (P = 0.092, P = 0.56, P = 0.65, P = 0.94, P = 0.71, and P = 0.23, respectively) ( Table 2) . From these findings, whether patients had open bite or normal bite was related with overall root resorption in present investigation.
As a result of comparison for the prevalence of root resorption after treatment with multibracket appliances between NOB and OB groups, the prevalence of root resorption was significantly higher in OB group than in NOB group in the number of patients and teeth (Patients: NOB = 71.9 per cent, OB = 98.1 per cent; Teeth: NOB = 19.1 per cent, OB = 48.2 per cent) (Patients: NOB versus OB, P = 2.0e −07 , Teeth: NOB versus OB, P =1.4e −05 ). On the other hand, for the number of patients and teeth, no significant difference between NOB and OB groups was found when severe root resorption was analysed (Patients: NOB versus OB, P = 0.96, Teeth; NOB versus OB, P = 0.54) (Table 3) . Moreover, the prevalence of overall root resorption in each teeth of both dentitions between NOB and OB groups showed that there were significant differences in the upper central incisors (U1), the upper lateral incisors (U2), the upper canines (U3), the upper first premolars (U4), the upper second premolars (U5), the lower central incisors (L1), the lower lateral incisors (L2), the lower canines (L3), the lower first premolars (L4), the lower second premolar (L5), and the lower first molars (L6) (U1: P = 0.0012, U2: P =0.000058, U3: P =7.2e −10 , U4: P = 1.8e −13 , U5: P = 1.3e −12 , L1: P = 1.3e −08 , L2: P =7.8e −09 , L3: P = 8.2e −13 , L4: P = 3.9e −10 , L5: 4.7e −11 , L6: 0.00043, respectively, Table 4 ).
With respect to the prevalence of the resorbed teeth with abnormal root shape in NOB and OB groups, a significant difference was found between NOB and OB groups [33.3 per cent (B: 1.4 per cent; C: 3.9 per cent; D: 13.0 per cent; E: 15.0 per cent) and 48.8 per cent (B; 9.7 per cent, C; 4.9 per cent, D; 22.2 per cent, E; 12.0 per cent), respectively, P = 0.024, Table 5 ]. For the prevalence of abnormal root shape in functional and hypofunctional teeth, a significant difference was observed between the two groups (27.9 and 42.9 per cent, respectively, P = 0.026, Table 6 ).
The prevalence of root resorption was significantly higher in hypofunctional teeth than in functional teeth (33.5 and 66.9 per cent, respectively, P = 1.0e −06
, Table 6 ). The Figure 1 Criteria for subjective scoring of root form. Root shapes were determined on all teeth presenting with root resorption. The shape of the roots was classified as: normal (A), short (B), blunt (C), bent at the apex (D) and pipette form (E). The teeth were then divided into normal and abnormal root shape groups. prevalence of severe root resorption was also significantly higher in hypofunctional teeth than in functional teeth (1.8 and 6.6 per cent, respectively, P = 0.046) ( Table 6 ).
Discussion
In the present study, we thus investigated the prevalence and degree of root resorption induced by orthodontic treatment with a special reference to open bite. Apical root resorption caused by orthodontic tooth movement is one of undesirable incidents, which is impossible to avoid and difficult to predict and repair. Various studies have reported the intrinsic factors of root resorption such as systemic factors Table 4 The prevalence of overall root resorption in each set of teeth of both dentitions of NOB and OB groups: the upper central incisors (U1), the upper lateral incisors (U2), the upper canines (U3), the upper first premolars (U4), the upper second premolars (U5), the upper first molars (U6), the upper second molars (U7), the lower central incisors (L1), the lower lateral incisors (L2), the lower canines (L3), the lower first premolars (L4), the lower second premolar (L5), the lower first molars (L6) and the lower second molars (L7). Table 6 The prevalence of no, overall, mild and severe resroption and normal and abnormal root shape evaluated by the number of teeth in functional and hypofunctional. (Linge and Linge, 1983; McLaughlin, 1964; Smith, 1978) , initial age (Linge and Linge, 1983; Massler and Malone, 1954; Reitan, 1985) , tooth type (Hemley, 1941; Kennedy et al., 1983; Ketcham, 1927; Massler and Malone, 1954; McFadden et al., 1989; Reitan, 1985; Sharpe et al., 1987) , root shape (Kinsella, 1971; Levander and Malmgren, 1988; Mirabella and Artun, 1995; Newman, 1975; Oppenheim, 1942) , gender (Kennedy et al., 1983; Massler and Malone, 1954; McFadden et al., 1989) , density of alveolar bone (Goldie and King, 1984) , oral habits (Newman, 1975; Odenrick and Brattström, 1985) , and malocclusion (Harris, 1992; Kaley and Phillips, 1991; Kinsella, 1971; Kuperstein, 2005; Linge and Linge, 1991; Mirabella and Artun, 1995; Sringkarnboriboon et al., 2003; Taner et al., 1999) . With respect to the type of malocclusion, open bite among various malocclusions was reported to exhibit higher prevalence of root resorption than other malocclusions (Harris, 1992; Kuperstein, 2005; Linge and Linge, 1991; Mirabella and Artun, 1995) . As a cause of high incidence of root resorption, the jiggling force, which is caused by orthodontic force and tongue pressure to move the teeth in the opposite direction, was speculated in previous studies (Harris, 1992; Linge and Linge, 1991; Mirabella and Artun, 1995) . In the present results, the prevalences of root resorption evaluated in the number of patients were significantly higher in OB group than in NOB group, and the prevalences of root resorption in the number of teeth were significantly higher in OB group than in NOB group, in particular anterior and premolar teeth. For severe resorption, no significant differences were found in the number of patients and teeth with severe root resorption. Sringkarnboriboon et al. reported that the amount of root resorption was significantly greater in teeth with a hypofunctional periodontium than in those with a normal periodontium during experimental tooth movement in rats (Sringkarnboriboon et al., 2003) . These findings suggested that the prevalence of overall root resorption was higher in open bite cases than in normal bite cases; therefore, it would be assumed that hypofunctional teeth in open bite cases might experience root resorption more frequently due to reduced resistance to external stimuli.
On the other hand, de Freitas et al. reported that root resorption was similar in patients with and without open bite but that extraction treatment showed more substantial root resorption than non-extraction treatment (2007) . In our study, we could confirm that bite and abnormal root shape were associated with the number of overall root resorption, however no association of extraction as well as initial age, gender, occlusal relationship, elastics use duration, and treatment time with the number of overall root resorption were found. From these results, it is speculated that certain risk factors such as hypofunctional condition and root shape might exert a substantial influence on the induction of root resorption in open bite cases.
Earlier studies reported that the abnormal root form leads to a high incidence of root resorption (Kinsella, 1971; Levander and Malmgren, 1988; Mirabella and Artun, 1995; Newman, 1975; Oppenheim, 1942) . Since orthodontic force, in general, is distributed in a limited area around the root apex, it is easy to understand the root resorption at the apex (Kinsella, 1971) . In these reports, it was considered that abnormal root shape caused root resorption due to reduced resistance of the root to mechanical simuli. As a result of present study, significantly higher prevalences of abnormal root shape and root resorption were found in OB group than in NOB group. From these findings, it can be speculated that there might be more teeth with root resorption in open bite cases, because more teeth show abnormal root shapes in open bite. In addition, there was a strong correlation between abnormal root shape and hypofunction. When the prevalence of abnormal root shape between functional and hypofunctional teeth was compared, the prevalence of abnormal root shape was significantly higher in hypofunctional teeth. The reasons might be that non-occlusion in hypofunctional teeth did not cause physiological root remodeling after teeth eruption.
The prevalence of root resorption was significantly higher in hypofunctional teeth than in functional teeth. For severe root resorption, the prevalence was significantly higher in hypofunctional teeth. Previous studies reported that the abnormal root form leads to a high incidence of root resorption (Kinsella, 1971; Levander and Malmgren, 1988; Mirabella and Artun, 1995; Newman, 1975; Oppenheim, 1942) . From these findings, it was considered that the prevalence of root resorption might be higher in hypofunctional teeth because of more teeth with abnormal root shape in hypofunctional teeth.
The structure and function of the periodontal ligament (PDL) are intimately related to occlusal function. Defect of normal occlusal function leads to atrophic changes in the PDL, such as narrowing of the periodontal space, disorientation of collagen fibers, and vascular constriction (Amemiya and Abe, 1980; Kaneko et al., 2001) . Another evidence is that periodontal blood vessels are intimately related to occlusal stimuli, and thus a reduction in the diameter and the number of periodontal blood vessels were induced (Tanaka et al., 1998) . Sringkarnboriboon et al. reported that the amount of root resorption was significantly greater in teeth with a hypofunctional periodontium than in those with a normal periodontium during experimental tooth movement in rats (Sringkarnboriboon et al., 2003) . In addition, several studies using occlusal recovery models revealed widening blood vessels in the PDL after the application of occlusal stimuli (Koike, 1996; Saeki, 1959; Suhr et al., 2002) . From these finding, it is assumed that recovery of hypofuncional periodontium in open bite cases might be a first priority before orthodontic treatment.
Conclusions

1.
As the results of multiple linear regression analysis, the independent variables that were found to contribute significantly to root resorption were bite and abnormal root shape. 2. The prevalence of root resorption is higher in orthodontically treated open bite patients than non-open bite patients. 3. Abnormal root shapes and root resorption is greater in hypofunctional teeth than in functional teeth.
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